Introduction
When gas is injected into a cylindrical bath through a centered bottom nozzle, there appear two types of swirl motions; shallow and deep water wave types, 1) as shown in Fig. 1 . The former occurs for an aspect ratio, H L /D, approximately less than 0.3, where H L is the bath depth and D is the bath diameter. The latter occurs when the aspect ratio ranges approximately from 0.3 to 1.0. These swirl motions induce severe splash and slopping, although they bring about very short mixing time. 2, 3) In addition, the swirl motions cause strong oscillations of the reactor. An understanding of the swirl motions is therefore important for the design, operation, and maintenance of refining processes. 4) Compared to the swirl motions caused by central bottom gas injection, information on swirl motions caused by offset gas injection is limited. [5] [6] [7] The main objective of this study therefore is to clarify the period and amplitude of the swirl motion of the deep water wave type and mixing time in the bath. Figure 2 shows a schematic of the experimental apparatus. The diameter, D, and the height, H, of the test vessel were 200 and 400 mm, respectively. De-ionized water was filled to a predetermined depth, H L . Air was injected through an offset single-hole bottom nozzle with a compressor. The gas flow rate was adjusted with a mass flow controller. The inner diameter of the nozzle was 2 mm. Swirl motions appeared when the gas flow rate, Q g , exceeded a certain critical value. The period, Ts, and time ratio, Tr, of the swirl motion were measured with a high-speed video camera and by eye inspection. The time ratio, Tr, is defined as a total time period in which the swirl motion appears to the whole measurement time. It is zero in the absence of the swirl motion and unity when the swirl motion always appears. The amplitude of the swirl motion was measured with a single needle electroresistivity probe. The needle was placed 5 mm away from the side wall of the vessel and then traversed in the vertical direction to obtain gas holdup, a. The measurement of gas holdup was carried out for two minutes. When the needle is completely immersed in the liquid, the gas holdup is 0 %, while 100 % when the needle is in the atmosphere. The amplitude of the swirl motion, A, was defined as half the vertical distance between two positions showing 0 % and 100 %. 8) Mixing time was measured using an electrical conductivity probe.
Experimental Apparatus and Procedure
3) Measurements of these quantities were repeated three times under every experimental condition, and the mean values of them were obtained to give Ts, A, and Tr, respectively.
When the nozzle was placed beyond a certain radial position, reciprocating motion appeared in place of the swirl motion. This motion was called the "oscillation in the tangential, q, direction" in the previous paper.
7 ) The period, amplitude and time ratio of the reciprocating motion were also measured and denoted, for convenience, by the same symbols, Ts, A, and Tr, respectively. Figure 3 shows the loci of bubbling jets on the bath surface for six nozzle positions. The gas flow rate, Q g , was 120ϫ10
Experimental Results and Discussion

Locus of Bubbling Jet on Bath Surface
Ϫ6 m 3 /s and the aspect ratio, H L /D, was 0.43. As the nozzle position approached the side wall, the locus of the bubbling jet changed from circular to ellipsoidal in shape. A bubbling jet generated very near the side wall showed a reciprocating motion. The boundary between the swirl and reciprocating motions could be predicted by an empirical equation proposed previously. 7) Two length scales, D BX and D BY , were introduced to quantitatively describe the locus of the bubbling jet. Figure 5 shows the measured values of the time ratio, Tr, for three gas flow rate values. The nozzle was placed at r/Rϭ1/3 on the bottom wall. The swirl motion of the deep water wave type appeared when the aspect ratio, H L /D, exceeded approximately 0.3 regardless of the gas flow rate.
Time Ratio, Tr
As a result, Tr increased suddenly from zero to unity at around H L /Dϭ0.3. It decreased gradually when H L /D became greater than approximately 0.6. The swirl motion continued to exist at a greater aspect ratio with an increase in the gas flow rate, Q g . This is because more energy is supplied in the bath for a higher Q g value. Figure 6 shows the relation between the aspect ratio, H L /D, and the time ratio, Tr, for six nozzle positions. As the nozzle position approached the side wall of the vessel, Tr decreased rapidly to zero. Figure 7 shows the measured values of the period of swirl and reciprocating motions. The period, Ts, was constant as long as the swirl motion of the deep water wave type occurred. The following empirical equation was valid to predict Ts. Figure 8 shows the relation between the amplitude, A, and dimensionless radial nozzle position, r/R. The amplitude, A, had a mild peak at around r/Rϭ1/3. This fact suggests that the bath mixing would be enhanced by offset gas injection. 9, 10) 3.5. Mixing Time, T m Figure 9 shows that the mixing time is shortened by offset bottom gas injection. The shortest value is realized for a nozzle position at around r/Rϭ1/3 except for Q g ϭ320ϫ 10 Ϫ6 m 3 /s, as expected from the experimental results of the amplitude for offset gas injection. It is interesting to note that the mixing time became very small at r/Rϭ3/4 for Q g ϭ320ϫ10 Ϫ6 m 3 /s. A large scale circulating flow was observed under this condition. The same result was obtained for a higher gas flow rate. Further explanation of this phenomenon must be left for a future study.
Period, Ts
Tsϭ3.4(D/g)
Amplitude, A
Conclusions
Experimental investigation was made of unsteady motions of cylindrical bath caused by offset bottom gas injection and related mixing phenomena in the bath. Basically, two types of unsteady motions were observed in the deep water wave regime: swirl and reciprocating motions. The locus of the bubbling jet on the bath surface changed from circle to ellipsoid as the nozzle position shifted to the side wall. The period of the swirl motion was not affected by the offset nozzle position, while the amplitude and mixing time were dependent on it. The offset nozzle position of r/Rϭ1/3 seems most beneficial for the bath mixing, although the amplitude of the bath oscillation is greatest there and strong vessel oscillations are induced. 
